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Fig. 1: Dynamic Charging Lane & Vehicle.[8]
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Fig. 2: Experiment on Dynamic Wireless Power Transfer at Oak Ridge National Laboratory.[13]
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Fig. 3: 22 kW receivers with geometrical position shift.[17]
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Fig. 4: Anti-lift & anti-squat angle.[19]
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Fig. 5: Parallel line-based Wireless Power Transfer.[30]
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(a) The first trial unit of W-IWM (b) Experimental vehicle
Fig. 6: The first trial unit of W-IWM and experimental vehicle
Chassis-side Wheel-side
Fig. 7: Conventional system configuration of W-IWM.
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?????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
???????????????????????????????????????
1.5 ????
??????????????????????????????????????????
???????????????????????????????????????????
??????????????????????????????????????? 2??
?W-IWM2??????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??? (Lithium-ion Capacitor?LiC)??????????????????????????
??????????????????????????????????????????
? LiC???????????????????????????????????? LiC?
??????????????????????????????????????????
???????????????????????????????????????????
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??????????????????????????????????????????
?????????? LiC??????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
???????????????????????????????????????????
??????????????????????????????????????????
????????????????????????????
1.6 ????
Fig. 8???????????
? 2???????????????????????????????????? (W-
IWM2)???????????????????????????????????????
???????????????????????????????????????????
??????????????????????????????????????????
???????????????????????????
? 3???W-IWM2??????????????????????? LiC??????
??????????????????????????????????????????
?????SS????????????????????????????????????
???????????? DC???????????????DC???????????
????????????????????????DC/DC??????DC???????
????????????DC?????????????DC?????????????
?????? LiC?????????????????? LiC??????????????
? AC/DC?????????????????????????????????????
??????????????????????????????????????????
?????????????????????????????????????????
? 4???W-IWM2?????????????????????????????? 3
?????????????????????? LiC??????????????????
?????????????????????????AC/DC??????????????
LiC?????State of Charge?SOC)? LiC??????????????????????
??????????????????????????????????????????
??????????????????
? 5???????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
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Fig. 8: Construction of this thesis.
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?????–????????????????????????????????????
??????????????????????????????????????????
?????????????????????????????????W-IWM2????
???????????????????????????????????????????
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??????????????????????????????????????????
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????? 2???W-IWM2??????????????????????
2.1 ??
W-IWM2????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
????????????????????????????????????
??????????????????????SS??????????????????
??????????????????????? [36]??? [34]????????????
???????? AC/DC??????????????????????????????
??–????????????????????????????????????????
???W-IWM2????????????? 1????–?????????????????
(??? 2)??????????????? 3??????????????????? (???
4)?????W-IWM2????????????????????????????????
??????????????????????????????????????????
??HESS???????????????????? [38, 37]??????????????
??????????????????????????????????????????
?????????????????????????W-IWM2?????????????
???????? LiC????????????????????????????????
???????????????????????????? LiC????????????
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Chassis-side Wheel-side
Road-side
Fig. 9: System configuration of W-IWM2.
?????????????????????????????????????W-IWM2?
??????????????????????????????????????????
?????????????W-IWM2??????????????
2.2 ??????
Fig. 9?W-IWM2???????????????vr??????????????iL???
???iWPT????AC/DC??????????iLiC?LiC?????i0LiC??????DC/DC
??????????iDWPT????AC/DC???????????????????????
??????????????????????????????AC/DC?????????
AC/DC?????????????W-IWM2????????????DC????DC/DC
????????? LiC(Lithium-ion Capacitor)???? AC/DC?????????????
??????????????????????????????????????????
???????????????????????????????????????? LiC
??????????????????????????????????????????
??????????????????????????????????????????
????????????????????????????????? LiC???????
??LiC?????EDLC?? SC???????????????????????????
????????????????????????EDLC?????? LiC???????
??????????????????????????????????????????
????
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2.3 ???????????????????????????
??????
????W-IWM2????????????????????LiC???????????
??????????????????????????W-IWM????????????
??????????????????????????????????????????
???W-IWM2???????DC/DC???????? LiC???????????????
??????????????????????????????????????????
???????????????????DC?????????????????????
? 89 %??????????????? DC????? LiC????????? 96 %???
??????????????????????????????????????????
?????????????? 79 %???????W-IWM2??? 92 %?????????
???????
????????????????????????????LiC????????????
??????????????????????????????????????????
??W-IWM???? 3? PWM???????????????????????????SS
???????????????????????????????DC?????????
??????DC??????????????????????????????????
??????????????????????????????????????????
?????????????Supercapacitor?SC????????????????????
Hybrid Energy Storage System?????????????????????????????
??????????
2.4 ???????????????
????W-IWM2???????????????????????????W-IWM2?
??????????????????????????????????????????
?? 2?????????
a.???AC/DC?????? LiC?????
b.???AC/DC??????DC????????
a.??????????????????–???????????????Lmrw?????
?????????????? T?????? Fig. 10????????????????Rr?
R?????????????????????????????????vr?vrw?????
?????????????????AC/DC??????????????????LiC??
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Fig. 10: Equivalent circuit of D-WPT for LiC.
Fig. 11: Equivalent circuit of D-WPT for wheel-side DC-link.
????????????????????????????????LiC????????
??????????????????????????????????????????
??????????????????????? LiC?DC/DC????????????
?????????????????????????????????????????b.
???????? Fig. 11???????????????????????????????
????????????????DC????? vDC?????????????????
??????????????????????????????????????????
??????????????????????
???????? b.????????DC??????????????????????
??????????????????????????????????????????
??????????????????????????????? LiC?????????
???????????????????????????????
2.5 ????????
????W-IWM2?????????????????????????????????
????
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(a) Small-power model
Chassis-side Wheel-side
Road-side
(b) Circuit structure of small-power model
Fig. 12: Experimental setup.
2.5.1 W-IWM2?????
Fig. 12??????????????????????????????????????
????????????????? (W-IWM2)????????????????????
???????????W-IWM2???????????Fig. 12(a)???????????
??Fig. 12(b)???????????????????????????????????
Myway????????? (qCUBE?MWBFP3–1250–J02)???????????????
??????????????????? DC/DC?????????? Texio??????
?PU300-5?????????????????????????? LiC??????????
??????????????????? SC?DLCAP?2300 F?????????
2.5.2 ?????????????????
Fig. 13??????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
???????????????????????? 18 km/h???????????????
??????? 5,000 mm???????? 1300 mm300 mm??????????????
?????????????????????? 2???????????????????
????????????????????????????????Fig. 14??????
??????????????????????? 2???????????2??????
????????????????????????????????? 6????????
?????????????
?? 2?????????????W-IWM2????????????????????
???? Tab. 1???????????????????????????????????
?????????????????????
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Fig. 13: Experimental setup for Dynamic Wireless Power Transfer.
Fig. 14: Road-side inverter for D-WPT.
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Tab. 1: Parameters of small-power model.
Resonance frequency 85 kHz
Switching frequency of DC/DC converter 40 kHz
Pole placement of PID controller -1000 rad/s
Switching frequency of two-mode control 500 Hz
Pole placement of PI controller -6.2810 2 rad/s
Chassis-side DC-link voltage reference vc 200 V
Road-side DC-link voltage reference vr 200 V
Wheel-side DC-link voltage reference vDC 300 V
Load maximum output 1.2 kW
SC capacitance 95.8 F
SC nominal voltage 50 V
Chassis-side coil resistance Rc 558.09m

Chassis-side coil inductance Lc 269.63 H
Chassis to wheel coil resistance Rcw 361.81m

Chassis to wheel coil inductance Lcw 224.51H
Road-side coil resistance Rr 867.10m

Road-side coil inductance Lr 291.96 H
Road to wheel coil resistance Rrw 361.81m

Road to wheel coil inductance Lrw 223.85 H
Chassis to wheel coils gap 100 mm
Chassis to wheel coils mutual inductance Lmcw 51.67 H
Road to wheel coils mutual inductance Lmrw 34.51 H
DC-link capacitor C 2145 F
Inductance of DC/DC converter L 60.8 H
ESR of inductance and LiC r 41.0m
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??????????????
????W-IWM2?????????????????????????????????
??????????????????????
3.1 ????????????
???????????????????????W-IWM???????????????
???DC?????????????????????????????????????
?????????????????????????
3.1.1 ?????DC/DC?????
LiC??????DC/DC?????????DC????? vDC????????????
?????????????????????DC/DC????????? LiC?????vDC
?????????????????? DC/DC?????? vDC????????????
?????DC/DC????????? LiC??????? PLiC???????????
3.1.2 ????????AC/DC?????
??????????????????????AC/DC????????????????
???????????????PWPT?????????????????DC/DC????
????????????????????? PLiC??????????????????
3.1.3 ????????AC/DC?????
???????????????????????????????? AC/DC?????
????????????????????? PDWPT??????????????AC/DC
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(a) Rectification mode (b) Short mode
Fig. 15: Operation mode of 2mode control.
?????? Fig. 15??? 2????????????????? Fig. 15(a)???????
???????????????????????????????Fig. 15(b)???????
????????????ON??????????????????DC????????
?????????????????AC/DC??????????????????????
??????????????????????
????????????????????????????????? PL ??? PLiC?
PWPT?PDWPT?????????????
PL = PWPT + PLiC + PDWPT (3-1)
PL = iLvDC (3-2)
PWPT = iWPTvDC (3-3)
PLiC = i
0
LiCvDC (3-4)
PDWPT = iDWPTvDC (3-5)
??????DC/DC??????????????DC?????????????????
????????????????????????PWPT?????? PLiC???????
??????????????????????????????????????????
??????????????????????? DC/DC???????????????
????????????????????????? [37]?
3.2 ?????DC/DC????????????
Fig. 16?????????DC/DC???????????????????C?DC???
??????L?DC/DC???????????r????????? LiC?????????
?????????????????DC???????????????????????
????????????? iL???????????????????????????
AC/DC?????????????DC/DC??????????????AC/DC?????
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Fig. 16: Circuit model of wheel side DC/DC converter.
??????????? iL???????????????????DC/DC???????
??????????????????????????????????????????
?????????????????????????????????d(t)???????
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Fig. 17: Equivalent circuit of WPT on chassis to wheel.
??????????????????? PID???? 4????????????????
???????? Ts? Tustin???????????????
3.3 ????????AC/DC??????????????
???W-IWM??????????????AC/DC?????????????????
? vDC???????????PWPT????? PL????????????? [39]?
????????W-IWM2??????vDC??????????DC/DC????????
??????????????AC/DC?????? 2????? [36]??????????
????????????????????AC/DC??????????? IWPT?????
?????????? PWPT??????????????2??????????????
???AC/DC????????? 2???????????
Short mode ????????AC/DC?????????????????ON??????
????????????? Fig. 15(b)??????????????????????
??????????????
Rectification mode ???????? AC/DC???????????? OFF???????
????? Fig. 15(a)???????????? AC/DC??????????????
?????????????????????????
?? 2?????????????????? IWPT??????????????
Fig. 17???–?????????????????????????????????vc?
?????????????vcw?????????AC/DC??????????ic?icw???
?????????????Rc?Rcw????????????????Cc?Ccw??????
????????????Lc?Lcw?????????????????????Lmcw???-
?????????????????????SS????????????????????
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???????????? DC/DC???????? DC??????? vDC???????
????????????AC/DC????????? vDC????????????????
?????????????AC/DC??????????????????????????
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????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??????????2??????????????WPT???????????????
??????????????????????????????????????????
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Fig. 18: Block diagram of Power-flow control.
?? 2???????????????????????????????????????
?????????????????? Fig. 18?????????????????????
????????????????????????????????????PL?????
??DC/DC???????????????????? (3-9)??????????? IL??
??DC/DC????????????????D0???????????DC??????
???????????????????
3.4 ??????????????
?????????????????????????????????????????
??????????????????????? LiC?????????????????
????????????????????????????????????
3.4.1 ????????
???????????????????????????????MATLAB Simulink Sim-
PowerSystems???????????????????Tab. 2??????????????
??????????????????????????2??????????DC????
??????????????? 1  107???????????????????????
?? 2 104???????????????????????????? 1 kHz??????
???????????
Fig. 19??????DC/DC?????????????WPT?????????????
?????????????PWPT? 6 kW?????  = 0:4??????PL? 12 kW??
?????????-6 kW??????????????????????????????
??????? PLiC? 6 kW??-12 kW????????????????? Fig. 20????
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Tab. 2: Simulation parameters for power-flow control.
Resonance frequency 85 kHz
Switching frequency of DC/DC converter 40 kHz
Pole placement of PID controller -1000 rad/s
Switching frequency of 2mode control 500 Hz
Chassis-side DC-link voltage reference vcw 600 V
Wheel-side DC-link voltage reference vDC 600 V
Maximum output 12.0 kW
LiC capacitance 93.8 F
LiC nominal voltage 48 V
Chassis-side coil resistance Rc 400.0m

Chassis-side coil inductance Lc 270.0 H
Chassis to wheel coil resistance Rcw 300.0m

Chassis to wheel coil inductance Lcw 250.0 H
Road-side coil resistance Rr 400.0m

Road-side coil inductance Lr 450.0 H
Road to wheel coil resistance Rrw 300.0m

Road to wheel coil inductance Lrw 250.0 H
Chassis - wheel coils gap 100 mm
Road - wheel coils gap 100 mm
Chassis - wheel coil mutual inductance Lmcw 52.0 H
Nominal value of road - wheel coil mutual inductance Lmcw 35.0 H
Smoothing capacitance C 2200 F
Inductance of DC/DC converter L 60.8 H
ESR of inductance and LiC r 31.4m

Fig. 20(a)???????????????vDC?????????????? PLiC????
????????????????????Fig. 20(a)??????????????????
???????????????Fig. 20(c)???????????????????????
??DC/DC????????????????????????Fig. 20(b)????????
? vDC????DC/DC???????????????????????????????
??????????????????????????????????????????
DC????????????????????????????????????????
??????????????????????????????????????? 1???
????WPT?????????? (??? 2)?LiC??????DC/DC????? (???
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(b) Load regeneration
Fig. 19: Power-flow change with load fluctuation.
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Fig. 20: Simulation result of power-flow change with load fluctuation.
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Fig. 21: Experimental result of power-flow change with load fluctuation.
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Fig. 22: Power-flow change with PWPT control.
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Fig. 23: Simulation result of power-flow change with PWPT control.
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Fig. 24: Experimental result of power-flow change with PWPT control.
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Fig. 25: Circuit model of wheel-side on W-IWM2.
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Fig. 26: Block diagram of Power-management.
?????? (3-1)???????????????????? Fig. 25??????
iL = iWPT + i
0
LiC + iDWPT (4-1)
????? iWPT??????????2????????? iWPT?????????????
????iWPT???????????DC/DC?????????????????????
????????
i0LiCvDC = iLiCvLiC (4-2)
???iLiC? vLiC?????
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vDC
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?????????? (3-20)???????–??????WPT????????????PI?
?????????????-6.28 rad/sec??????PWPT??????????-6.2810 2 rad/sec
? 2?????????Tustine????????????????
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Fig. 27: Simulation result of stepwise load power fluctuation.
4.2 ?????????????????
???? PL???????????????????????????????????
???????????DC?????????????????? vDC??????????
????????DC/DC????????????????????? LiC????????
LiC?? vLiC??????????????????? AC/DC?????????? LiC?
SOC??????????? PWPT??????????????????????????
????? LiC????????????????PL????????DC????????
????????? LiC???????? SOC????????????????????
AC/DC??????PWPT??????vLiC??????????????????PWPT = PL
??????????????????
??????????????????? LiC????????????????????
?????????????????????????
– 32 –
Time [s]
0 2 4 6 8
Po
w
er
 [k
W
]
-0.5
0
0.5
1
1.5
PL
PWPT
PLiC
PLiC + PWPT
(a) Power
Time [s]
0 2 4 6 8
Vo
lta
ge
 [V
]
180
185
190
195
200
205
210
215
220
vDC
v
∗
DC
(b) DC-link voltage vDC
Time [s]
0 2 4 6 8
Vo
lta
ge
 [V
]
45
50
55
vLiC
v
∗
LiC
(c) LiC voltage vLiC
Fig. 28: Experimental result of load power fluctuation.
4.2.1 ????????
??????????? Fig. 27????Fig. 27(a)???????????PL??????
???????PLiC??????????PWPT? LiC?????????????????
??????????????????Fig. 27(b)????????? vDC????DC/DC?
??????????????????????????????????????????
? 2????????????????Fig. 27(c)????????????? SOC????
???????????????????????? SOC????????????????
?????????????????????????????????
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4.2.2 ??
????? 1.2 kW?? 0.2 kW?1.2 kW????????????????????????
???????Fig. 28????Fig. 28(a)?????????????????PL????PLiC
??????????????????????????????????????????
??? PWPT?????????????????????????? PWPT???????
????SOC????????????????????????PWPT?????????
???????????????????????????????????Fig. 28(b)???
?????? vDC?????????DC/DC?????????????????????
????????????Fig. 28(c)????????????? SC? SOC??? SOC??
????????????????????
4.3 SOC?????vLiC?????????????
SOC?????? vLiC?????????????????vLiC????????LiC??
????????PWPT?????????vLiC????????LiC????????PWPT
??????????????????? vLiC?????????????????????
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4.3.1 ????????
LiC?????? vLiC????????????????????????????????
???????????????????????????????????????? Fig.
29????Fig. 29(a)?????????????????vLiC?????????????
????????????????Fig. 29(b)?? vLiC????????? vDC?DC/DC??
????????????????????????????????????Fig. 29(c)??
vLiC? vLiC??????????????????????????? SOC???????
? LiC?????? vLiC???????????????????????????????
???????
4.3.2 ??
????? Fig. 30????Fig. 30(a)?????????????????vLiC?????
??????????????????????????Fig. 30(b)?? vLiC???????
??? vDC??????DC/DC???????????????????????????
???????????????? 2????????????????Fig. 30(c)?? vLiC?
?????? vLiC????????????????
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Fig. 29: Simulation result of vLiC change.
– 35 –
Time [s]
0 2 4 6 8
Po
w
er
 [k
W
]
-0.5
0
0.5
1
1.5
PL
PWPT
PLiC
PLiC + PWPT
(a) Power
Time [s]
0 2 4 6 8
Vo
lta
ge
 [V
]
180
185
190
195
200
205
210
215
220
vDC
v
∗
DC
(b) DC-link voltage vDC
Time [s]
0 2 4 6 8
Vo
lta
ge
 [V
]
45
50
55
vLiC
v
∗
LiC
(c) LiC voltage vLiC
Fig. 30: Experimental result of vLiC change.
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? 5?
???????????????
????W-IWM2?????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
????????????????????????W-IWM2??????????????
??????????????????????????????????????????
??????????????????????? 2??????????????????
??????????????????????????????????????????
????????????????????????????????????????
5.1 ??????????????????????
Fig. 31??????????????????????????????????????
?????????????????? [27]?????????????????EMI???
?????????????? DC-bus????????????????????????
?????????? SS????????????DC-bus???????????????
??????????????????????????????????????????
?????????????????Fig. 32??????????????????????
???????????????????? SS?????????????????????
??????????????????????????????????????????
????????????????????????????????????????
?????????????????????????????????????????
???????????????????
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Fig. 31: DC-bus system
Fig. 32: The receiving side.
5.2 ?????????
?????????????????????????????????????????
?????????????? [41]??????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
???????????????????????????????????????????
?????????????????????????
?????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
?????????????????????????????????????????
Fig. 33??????????????????????????????????????
???????????????????????????????????????????
?????????????????????????????????
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1. Driving Resistance of EVs 
2. Required Energy of EVs
Driving range [m], Driving time [s]
3. Required Transmission Energy from road-side [J]
Efficiency (WPT, Converters, Motor etc.)
4. Required Transmission Power from a road-side coil 
Installation ration of road-side coils 
Fig. 33: Calculation-flow of required transmission power from a road-side coil.
5.2.1 ???? [44]
??????????????R [N]?? (5-1)??? (5-5)?????????
R = Rr +Ra +Rs +Rc (5-1)
Rr = rmrMg (5-2)
Ra =
1
2
CdSv
2 (5-3)
Rs = Mg sin  (5-4)
Rc = Ma (5-5)
????Rr?Ra?Rs?Rc??????????????????????????????
??? [kg/m3]??????Cd [-]????????????Cd???S [m2]????????
v [m/s]??????r [-]?????????g???????M [kg]?????? [rad]?
???????
5.2.2 ???????????????
?????????? 0?? T ?????? v (t)??????????????????
?? Pwheel??????Ewheel?????? (5-6)?? (5-7)???????
Pwheel = R (t) v (t) (5-6)
Ewheel =
Z T
0
R (t) v (t) dt (5-7)
– 39 –
?????????????? V [m/s]????????????????????????
????????????R????Ewheel??????????
Ewheel = RV T = RL (5-8)
??? L = V T [m]????????????????
?????????????????????????????????????????
??????????????????????????????????????????
W [J]????????????W ???????? (SOC : State of Charge)?????SOC
[-]?????????????????????Echarge?????????
Echarge = WSOC (5-9)
???????????Fig. 32???????????????????????????
????????????????????????????????????? DT???
??????
DT = invmotmech (5-10)
??? inv??????????? PWM?????????mot??????????mech
??????????????????????????????????????????
WPT?????????
WPT = coilpc (5-11)
??? coil?????????????????????pc??????????????
?????????pc????????????????????????????????
???????????????????????????????????????
?????????????????????????????????????????
???????Eroad??????????
Eroad =
1
WPT

Ewheel
DT
+ Echarge

(5-12)
5.2.3 ???
?????????????????????????????????????????
?D???????????????????? Fig. 31?????????????????
1????????? lcoil [m]????????? d [m]????????D???????
???
D =
lcoil
lcoil + d
(5-13)
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Tab. 3: Simuration parameters.
Air density  1:2 kg=m3
Cd value 0.30
Frontal projected area S 2:0 m2
Total weightM 1590 kg
Rolling resistance coefficient r 0.015
Slope angle  0 deg
Averaged coil to coil efficiency coil 90 %
Rectifire efficiency pc 95 %
WPT = coilpc 85.5 %
Three phase inverter efficiency inv 95 %
Electric motor efficeincy mot 90 %
Mechanical components efficiency mech 95 %
DT = invmotmech 81.2 %
Total efficiency  = WPTDT 69.5 %
5.2.4 ????????????
??????????????????????????????Eroad?? (5-12)???
?????????????????????? T [s]??????????????????
????? Proad?
Proad =
Eroad
TD
(5-14)
???????? L [m]????????? V [m/s]??????????????????
???
Proad =
EroadV
LD
(5-15)
? (5-14)??????D?????????????????????????
5.3 ???????????
?????????????????????????????????????????
???????????????????????????????? L = 10 km????
D=50 %????? 80 km/h?????????????????????????? EV??
??????? Tab. 3????????????????????????????????
???? 55kg? 2??????????????????????????
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Fig. 34: Power for EV driving.
5.3.1 ????????
??????? V ????????? Pwheel?????? Fig. 34????? (5-1)?? (5-6)
???????????????R?V 2????Pwheel?V 3?????????????Fig.
34???80 km/h???????????????? 9.14 kW??????????
5.3.2 ??????????????
?????????????????????????????????????????
???????????????????Eroad?? (5-12)????Echarge = 0??????
???????????????????????? Proad?? (5-15)???????????
? (5-15)?? (5-12)??????????????
Proad =
RV
WPTDTD
(5-16)
??????????D? 50 %??????????????????????????
???????? Fig. 35???????????  = WPTDT?????????????
?? 80 km/h????? Tab. 3??????????????????????? 26.4 kW?
???
5.3.3 ?????????????
??????????????????????????????????????????
???D???????????????????? Proad?? (5-16)???????????
– 42 –
Vehicle velocity [km/h]
0 10 20 30 40 50 60 70 80 90 100
R
eq
ui
re
d 
tra
ns
fe
r p
ow
er
 [k
W
]
0
5
10
15
20
25
30
35
40
η=90%
η=80%
η=70%
η=60%
η=50%
Fig. 35: Efficiency vs. required transfer power.
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Fig. 36: Vehicle velocity vs. required transfer power ( =69.5%).
????? Proad????D?????????????????? 69.5 %????????
?????????? Proad???????? Fig. 36???????????? 80 km/h???
??????????????? Proad???????? Fig. 37????
Fig. 37??? Fig. 36?????D??????????? Proad????????????
???????????????????????????????????????????
????D = 100 [%]???????????? 13.2 kW????????????????
??????????????????????????????????????????
??????????????????????????????????????????
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Fig. 37: Installation ratio vs. required transfer power (V=80 km/h).
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Fig. 38: SOC variation vs. required transfer power.
???????????????????????????????
5.3.4 SOC?????????????
?????????????????????????????????????????
??????????????????????? L [m]????????????????
?????????Echarge???????????????????? Proad?? (5-12)??
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Tab. 4: Driving data of JC08 mode.
Average vehicle velocity 24.4 km/h
Max vehicle velocity 81.6 km/h
Driving time 1204 s
Driving distance 8.172 km
(5-15)?????????????
Proad =
V
LDWPT

Ewheel
DT
+ Echarge

(5-17)
????? Proad????????????Echarge????? SOC???SOC???????
?????????????? 10 km????? 50 %???????????? 30 kWh?
??????????? SOC??????????????????? Proad???????
???? Fig. 38????SOC???? 0????????????????????????
?????????????????????SOC???????????????????
??????????????????????????????????????????
?????????????????????????????????
5.4 ?????????????
?????????????????????????????????????????
?? 1???? JC08??? [45]???????????JC08???????????? Tab.
4????????? Fig. 39????
?????????????????R?? (5-1)????????Rs?????????
???JC08????????? 1???????????????????????????
??????????????????????????????????????????
?????????1??????? t??????? v (t)?????t??????????
????????????????
Pwheel (t) = (Rr (t) +Ra (t) +Rc (t)) v (t) (5-18)
Pwheel  0?????????Pwheel < 0???????????????????????
?????????????????????????? Pwheel?????????????
??????????????????????????????? Pinv?
Pinv =
1
DT
Pwheel (Pwheel  0) (5-19)
????????????? Pwheel??????????????????????????
??? Pinv?
Pinv = DTPwheel (Pwheel < 0) (5-20)
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Fig. 39: Driving velocity pattern on JC08.
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Fig. 40: Required driving power on JC08.
??????????????????????1???????????????????
? SCO??????????????????????????????????Eroad??
????????
Eroad =
1
WPT
TX
t=0
Pinv (5-21)
??? T ???????????????????????????????????D??
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Tab. 5: Calculation results on JC08.
Required gross energy for a EV driving on JC08 Einv 1.01 kWh
Required gross transfer energy from road side Eroad 1.18 kWh
Required transfer power ability from road side Proad 7.05 kW
????????????????????? Proad??????????
Proad =
Eroad
TD
(5-22)
???????? T ? Fig. 39????????????????????????????
Tab. 3????????????JC08????????????????????????
??????????????? Proad?????????D? 50%????????????
????????????Pinv?????? Fig. 40??????? Proad???????Tab. 5
??????????????JC08??????????????????????????
???????????????????????????????????????? Proad
??? 7.05 kW????????????
5.5 ??????????????????
?????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
???????????????????????????????????????????
??????????????????????????????????????????
???????????????????
5.5.1 W-IWM2????????????????????????
?????????????????????????????????????????
??????????????????????????????????????????
?????????????Fig. 41?W-IWM2?????????????????????
?????????????????????????????? 4???????????
??????????????????????????????????????????
????Tab. 6????????W-IWM2????????????????????????
??????????????????????????????????????????
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Fig. 41: DWPT system configuration of the wheel-side of W-IWM2.
??????????????????? coil????????? mech?????????
???????????????
?????????????????????????????????????????
???????????????????????W-IWM2? 4????????????
??????????? (5-16)???????????????????????????
Proad=wheel??????????????
Proad=wheel =
RV
4WPTDTD
(5-23)
??????????D%?????????????????????????????
????????????? Fig. 42????????????? 80 km/h????? Tab. 6?
???????????????????????????????? Tab. 7???????
????????????????????????????????????4?????
??????????????????????????????????????????
?????????????? 20 %??????????????????????????
???????????????W-IWM???????????????????????
?????????W-IWM??????????????????????????????
??????????????????????????????????? coil?????
????????????W-IWM2??????????????????????????
??????????????????????????????????????????
?????????????????????????????????
?????W-IWM2???????????????????????????????
???
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Tab. 6: Simuration parameters of DWPT for W-IWM2.
Number of W-IWM2 4
Air density  1:2 kg=m3
Cd value 0.30
Frontal projected area S 2:0 m2
Total weightM 1590 kg
Rolling resistance coefficient r 0.015
Slope angle  0 deg
Averaged coil to coil efficiency coil 90 %
Rectifire efficiency pc 98 %
WPT = coilpc 88.2 %
Three phase inverter efficiency inv 95 %
Electric motor efficeincy mot 90 %
Mechanical components efficiency mech 99 %
DT = invmotmech 84.6 %
Total efficiency  = WPTDT 74.7 %
Tab. 7: Required transmission power comparison between general EV and W-IWM2.
General EV W-IWM2
Total efficiency  69.5 % 74.7 %
Required transmission power from a road-side coil 26.4 kW 5.3 kW
5.5.2 ??????????????????????????????
??? 6 kW?????????????????????????????? 12 kW??
?????????????????????????????????????? AC/DC
?????? Rectification mode?????????????-??????????????
???? Lmrw??????? 80 km/h????????????????????????
Lmrw = 30:0 H?????????????????????
??????????? Fig. 43????Fig. 43(a)??????????????????
???????????????????????? 12 kW?? 6 kW??????????
? 6 kW? LiC???????????????????????????????????
?????????????????? LiC? SOC??????????????????
?????????????????????????????????Fig. 43(c)?????
??????????????????????????????????????????
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Fig. 42: Efficiency vs. required transfer power from a road-side coil(W-IWM2).
????SOC????????????????????Fig. 43(b)???????????
???????? vDC??????DC/DC??????????????????????
????????????
??? 1.0 kW?????????????????????????????? 1.6 kW?
?????????????????????????????????AC/DC??????
Rectification mode??????????????????????????????????
?????????????ON/OFF?????? [28]?????? Fig. 44????Fig. 44(a)
??????????????????????????????????????????
??????LiC?????????????????Fig. 44(b)?????????????
??? vDC??????????????????????????Fig. 28(c)??LiC???
???????????????SOC?????????????????????
???????? SOC???????????????????????????????
?????????????????????????????
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Fig. 43: Simulation result of DWPT.
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Fig. 44: Experimental result of DWPT.
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? 6?
???????????
?????????????????????? (W-IWM2)???????????????
6.1 ??????????????????
?????????????????????????????????????????
??????????????????????????????????????????
?????????
6.1.1 ??????????????
Fig. 45?????????????????????????????? Fig. 45????
?????????????? LiC??????????????????????????
???????????????????????Fig. 46?W-IWM2??????????
??????????????????????Fig. 47???–?????????????
??????????????????????????????????????????
Fig. 45: Wheel-side converters of W-IWM2. Fig. 46: Chassis-side converters of W-IWM2.
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Fig. 47: Chassis and wheel-side coil. Fig. 48: Road to wheel coil.
Tab. 8: Parameters of W-IWM2.
Resonance frequency 85 kHz
Switching frequency of DC/DC converter 85 kHz
Load maximum output 12.0 kW
LiC capacitance 125 F
LiC operation voltage 26.4–45.6 V
Chassis-side coil resistance Rc 242.0m

Chassis-side coil inductance Lc 259.9 H
Chassis to wheel coil resistance Rcw 242.0m

Chassis to wheel coil inductance Lcw 259.9H
Road-side coil resistance Rr 342.5m

Road-side coil inductance Lr 429.0 H
Road to wheel coil resistance Rrw 383.3m

Road to wheel coil inductance Lrw 377.7 H
Chassis to wheel coils gap 100 mm
Chassis to wheel coils mutual inductance Lmcw 60.1 H
Road to wheel coils mutual inductance at nominal position Lmrw 44.51 H
DC-link capacitor C 1100 F
Inductance of DC/DC converter L 60.8 H
ESR of inductance and LiC r 41.0m

????????????????????????? (PC95)??????????????
??????????????????????????????????????????
?????????????Fig. 48?????????????????????–????
??????????????????????????????????????????
?? k??????????????????????????Lrw???????????
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(a) FPEV4-Sawyer with W-IWM2 (b) Coils placement of W-IWM2
Fig. 49: Outlines of W-IWM2 on vehicle.
Tab. 9: Result of measurement on mutual inductance Lmcw (Right-side wheel).
No displacement Wheel-side upward +50 mm Wheel-side downward -50
No steer 60.1 H 45.5 H 48.4 H
Full steer to the right 45.5 H 32.0 H 33.3 H
Full steer to the left 45.0 H 30.2 H 38.2 H
?? 29??? 40??????????Tab. 8?W-IWM2???????????
6.1.2 ??????
Fig. 49(a)?????????????????????????????????Fig. 49?
??????????????????????????????????????????
??????????????????????????????????????????
?????????????????????????-?????????????????
? 100 mm??????????????????????????????????????
????
???????????????????? 2???????????? 2???????
????????????????? 1?????–???????????????????
??????????????????????????????????????????
????????????????????????Tab. 9???–????????????
????????????Lmcw?????????????????????Lmcw????
??????????????????????????????????????????
??????????????????????????????????????????
????????????????????????????????? Lmcw??????
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Fig. 50: DWPT experimental lane.
(a) With capacitor plate inside coil case (b) Without capacitor plate inside coil case
Fig. 51: Road-side coils.
???????????????????????????????????
6.1.3 ?????????????????
Fig. 50????????????????????? 2017? 1?????????????
?????????????????????? (?? 50mm??? 20,000 mm?? 1250 mm)
???????????????????????????? Fig. 51???????????
2?????????????????W-IWM2?????????????????????
??????????? 12??????????????????? 24?????????
??????????????
??????? 2?????????????????????????????????
– 56 –
Tab. 10: Experimental result on receiving coil placement study for road-side coil.
off capacitors on capacitors off capacitors
Operation frequency of road-side inverter 89 kHz 89 kHz 89 kHz
Mutual inductance Lmrw 35.5 H 34.5 H 35.5 H
Road-side DC input voltage vr 398.8 V 398.9 V 448.7 V
Wheel-side DC-link voltage vDC 401.4 V 401.5 V 451.6 V
Road-side DC input 6.70 kW 6.87 kW 8.20 kW
Wheel-side DC-link input 5.99 kW 6.16 kW 7.40 kW
DC to DC transmission efficiency 90.24 % 89.67 % 90.24 %
???? Fig. 51(b)???????????? Fig. 51(a)?????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
????????????????Tab. 10???????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
?? DC????????? DC?????????????????????? (PPA5520)
??????????????????????????????????????????
??????????????????????????????????????????
? 0.57 %??????????????????????????????????????
????? 39 W??????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
?????????????????????????????? Fig. 14?????????
??????????????????????? 5??????????????????
W-IWM2????????????????????ON/OFF??????????????
?????????????????????W-IWM2?????????????????
????????????W-IWM2??????????????????????????
???????????????????????
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6.2 ??????????????
?????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????
6.2.1 ???????????????????AC/DC??????????
Fig. 52????????????????????vcw?icw ?????????????
AC/DC???????????????????????????????????????
???????????????????????????????? icw???? PLL(Phase
Locked Loop)???????????????? vcw??????????????????
?? [47]??????vcw?????????????????????AC/DC??????
?????????????????????????–????????????????
???????????? T ??? vcw????? Tr??????????????????
??? ps????????????
ps =
Tr
T
( 1  ps  1) (6-1)
???ps < 0?????????????AC/DC??????????????????
????????????????????? (PWPT < 0)??????????DC????
???????????????????????????AC/DC????????? iWPT
??????????????????????iWPT???????????? [48]?
iWPT =
1

Z 
2
+
2
ps

2
 
2
ps
iWPT sin d
=
2

iWPT sin
ps
2
(6-2)
Fig. 52: Phase-shift rectification on chassis to wheel AC/DC converter.
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?????ps????????iWPT??????????????????????? < 0
?????????????????????????????????vcw???????
?????  2

???????????????? ic???? icw????? 2 ??????
??????????????????AC/DC?????????????????????
????????????????????? rmps??????????????
6.2.2 2?????????
?????????????????PWPT???? 2????????????2????
??????????????????????? 2????????
?????????????????
?????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
?????????? 2????????????????????????? icw????
??????????????????????????????????????????
?????????????????????????????????????
????????????????????????????????????
??????????????????????????????????????????
??????? PWPT????????????????????????????????
??????????????????????????????? 2???????????
??????????????????????????????????????????
?????????????????????????
6.3 ????????
????W-IWM2????????????????????????????????
??????Fig. 53?????????????????????????????? 1?
????????????W-IWM2???????? 1500 rpm????? 12 kW?????
??????????????????????Myway??????????? (p-CUBE?
MWBFP3–1250–J02)?????????–???????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
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Fig. 53: Motor bench test setup.
??????????????????????????????????????????
???????????? 100 mm??????????????????????????
?????????????????? 100 mm?????????????????????
??????–??????????????????DC????????????????
????????? Bluetooth??????????????
6.3.1 ??????
?????–???????????????????????????????????
??????????????????????????Fig. 54?????????????
?????????DC/DC?????????? 730 V??????DC?????? 730 V
????LiC? SOC?????? 38 V??????Fig. 54(a)??????????????
???Pmotor?????????????????? 1500 rmp?55.5 Nm??????????
Pmotor = 8:7 kW?????????????????? PWPT????? invmot? 90 %?
??????PWPT = Pmotor=0:9 = 9:67 kW????Fig. 54(a)???????????????
??????????????????????????????????????????
???????????????-?????DC?????????? 90 %????????
??????????????? PWPT = Pmotor=0:9 = 10:7 kW?????????????
??????????????????? 10.8 kW???????????????????
? 30 A(350 V????????????????????????????????????
12 kW???????????????????? 12 kW????????????????
??????????? 14.8 kW???????????????????????????
?DC?????? 730 V????????????? 20.3 A??????????????
??????? 14.8 A????????????????????????????????
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Fig. 54: Motor bench test result at 1500rpm 55.5N?m.
???????????????????? 39.2 A???????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????
6.3.2 ?????????????????????
Fig. 55??????????????????????????????????????
??DC????????? 600 V???????DC?????????????????
???????????????????????????? 1500rpm??????????
? 38.5 N?m?? 19.2 N?m???????? 38.5 N?m?????????????????
?????????Pmotor?? 6 kW??????????? 3kW????????????
????? 6 kW??????????????Fig. 55(a)????????????????
????????????????????????????????????PLiC????
?????????????????????????????Fig. 55(b)??????DC?
???? vDC???????????????????????????????????Fig.
55(c)? LiC??????????????????? LiC????????????????
????????? LiC???????????????????????????
?????????????????????????????????????????
????????????
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Fig. 55: Motor bench test result with stepwise load fluctuation.
6.3.3 ?????????????????????????
Fig. 56??????????????????????????????????????
??DC????????? 600 V???????DC???????250 V????????
? 1000rpm??????????? 28.9 N?m????????????????? Pmotor?
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????????????? PWPT??????PDWPT?????????????????
????????PDWPT???????????????PLiC???LiC?????????
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Fig. 56: Motor bench test result with dynamic wireless power transfer.
????????Fig. 56(b)??????DC????? vDC???????????????
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6.4 ????
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??????????????????????????????????????????
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